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Determination of crystallite size in a magnetic nanocomposite
using extended x-ray absorption fine structure

S. Calvin,a) M. M. Miller, R. Goswami,b) S.-F. Cheng, S. P. Mulvaney, L. J. Whitman,
and V. G. Harris
U.S. Naval Research Laboratory, Washington, DC 20375

~Received 20 February 2003; accepted 17 April 2003!

An extended x-ray absorption fine structure was collected for a soft magnetic material comprising
very fine nanoscale crystallites of nickel within coarser iron matrix grains. Using a simple spherical
model and the spectra of bulk standards, the nickel crystallite size was estimated. Comparison with
transmission electron microscopy images confirms that this technique yields a size weighted toward
smaller crystallites, whereas Scherrer analysis yields sizes weighted toward larger crystallites. The
iron crystallite size was also estimated by this technique in order to ascertain the effect of a
nonspherical morphology. This technique shows promise forin situ analyses of materials containing
nanoscale crystallites and as a complement to Scherrer analyses. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1581344#
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I. INTRODUCTION

In recent years, considerable effort has been devote
the synthesis and characterization of nanocrystalline
magnetic materials.1 It is therefore important to have a var
ety of tools available for probing the length scale of ind
vidual crystal domains within a material. Electron micro
copy is a favored technique for this purpose, but obtain
measurements on a sufficient number of crystallites to de
a statistically meaningful average length scale is often
dious. For time-resolvedin situ studies, in particular, electro
microscopy may be prohibitively difficult. Techniques su
as dynamic light scattering2 ~DLS! and Brunauer–Emmet–
Teller analysis3 ~BET!, on the other hand, yield the size o
physical particles~i.e., powder particles!, rather than indi-
vidual crystalline grains embedded in a solid matrix. Sch
rer analysis4 of x-ray diffractograms is often used, but
difficult to apply when Bragg peaks of different phas
within the material overlap, as in the case, for example, w
separate domains of face-centered-cubic~fcc! nickel and co-
balt are both present. It is also important to note that m
methods of determining crystallite ‘‘size’’ find a mean diam
eter, with a weighting scheme that depends on the techn
being used. Because of this implicit weighting, Scher
analysis, when applied to crystallites having a broad s
distribution, tends to find a size closer to the high end of
crystallite size range; failing to account for strain in a mon
dispersed sample, on the other hand, causes Scherrer an
to yield a size smaller than the actual size of the crystalli
Even analysis of transmission electron microscope~TEM!
images may undercount the smallest crystallites, depen
on the characteristics of the sample, the criteria used
identifying crystallites, and the imaging technique.

Here, we use extended x-ray absorption fine struct
~EXAFS! spectroscopy5 to estimate the mean crystallite siz

a!Electronic mail: scalvin100@aol.com
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of a nanocrystalline magnetic material. In the past, this te
nique has been used to estimate the mean size of nano
ticles, but until now its practical application has genera
been limited to nearly monodispersed free particles or to s
port catalysts of well-defined size and shape. Although E
AFS provides structural information for a region less than
nanometer away from atoms of the element being prob
there will be measurable size effects if the crystallites
less than 10 nm in size, even if the crystal structures
identical. This effect arises because atoms near the boun
of the crystal will be ‘‘missing’’ some of their neighbors, an
this will thus lower the average coordination numbers in
sample~hereafter called thetermination effect!. Nearly half
of the atoms in a 5 nmradius sphere, for example, lie withi
1 nm of the boundary; EXAFS would sense a different en
ronment for these atoms than for those in the interior. T
termination effect has often been considered a nuisanc
EXAFS analysis, because it can easily be confounded
changes in positional~Debye–Waller! disorder or changes in
coordination number away from the boundary. In part b
cause of this, several attempts have been made to mod
the most sophisticated have computed atom by atom the
fective coordination numbers for specific structures, siz
and morphologies.6–9 These analyses are well suited f
cases in which the nanocrystals are very small and very re
lar, and for which the crystal structure is known by oth
means. The method for estimating crystallite size presen
here, in contrast, trades precision for ease of use and rang
applicability.

II. SYNTHESIS AND CHARACTERIZATION

A. Synthesis

For this study, we utilized a powder material comprisi
nanoscale crystallites of fcc nickel in a matrix of bod
centered-cubic~bcc! iron within each powder particle. This
metal powder consists of polycrystalline spherical partic
ranging from approximately 800 nm to 4mm in diameter,
© 2003 American Institute of Physics
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produced by an industrial carbonyl process10 in which
Fe(CO)5 and Ni(CO)4 are decomposed in a distillation co
umn at temperatures below 450 °C. The decomposition
nickel carbonyl is faster, so roughly spherical particles
nickel form first. The iron then uses the nickel as nucleat
sites, resulting in the incorporation of the nickel particl
within an iron matrix.

B. Transmission electron microscopy

Figure 1~a! shows a dark-field TEM image taken o
~111! and ~200! reflections of nickel crystallites@and also a
weak~110! reflection of the bcc iron matrix#. As can be seen
the nickel crystallites are quite polydispersed and, altho
roughly spherical, often show some distortion in shape, m

FIG. 1. ~a! Dark-field TEM image of a sample showing nickel crystallit
~white! in an iron matrix~gray!. ~b! Histogram of nickel crystallite dimen-
sions from TEM. Crystallites with a major axis smaller than about 3 nm
not have sufficient diffracted intensity to be resolved in this image; this li
is indicated by the dashed line. Note that the EXAFS size indicated is be
this limit, and that the EXAFS and XRD determinations establish an inte
that includes the majority of the crystallites found by TEM.
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ing the atom-by-atom approaches to EXAFS analysis
scribed in Refs. 6–9 difficult to apply. A histogram of cry
tallite dimensions seen in the TEM is given in Fig. 1~b!.
Nickel crystallites with major axes smaller than about 3 n
are not expected to have sufficient diffracted intensity to
resolvable here. The number of particles with a major
minor axis of given size rises monotonically with a decrea
in size until this limit is reached, suggesting the possibility
numerous crystallites less than 3 nm in diameter.

C. X-ray diffraction

X-ray diffraction ~XRD! confirms the presence of fc
and bcc phases~Fig. 2!; Scherrer analysis of the peak broa
ening yields a diameter of 6.4 nm for the nickel particles~the
iron peaks are also broadened due to the large numbe
nickel crystallites that disrupt the lattice!. This Scherrer
analysis neglects the effects of strain and polydispers
Strain tends to cause this method to underestimate the a
crystallite size, whereas polydispersion tends to cause o
estimation. Examination of Fig. 1~b! suggests that in this
case Scherrer analysis yields a size for the nickel crystal
considerably larger than the most probable size, as expe
for a polydisperse sample.

D. Magnetic properties

Magnetization measurements of the powder were p
formed using a DMS model 886 vibrating sample magne
meter~VSM!. The powder proved to be a soft ferromagn
with coercive fieldHc;5 Oe and saturation magnetizatio
Ms of 1140 emu/cm3. In order to clearly determine thein-
trinsic magnetic properties, sample preparation required s
cial attention. A raw sample of the polydispersed powd
consists of not only spherical particles with a range of siz
but, more importantly for the magnetic properties, nonsph
cal agglomerations of nearly spherical particles. Scann
electron microscope~SEM! images show many instances

o
t
w
l

FIG. 2. Diffractogram of a sample with fcc nickel and bcc iron reflectio
identified.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



ti
s.

e
s

ve

i

he

ti-

a
l
de
le
f
iz

is
pr

e
o
n
ti

an
fle
id

bo
is
o

th

ac
ct

ho
ria
a

et
c

he
th

on
e
ld
50
n

,
rily
ed
h

he
lied
pe
tely

ere
on
r-
ns-
sly,
ce

duce

of
ne
u-
a-
nc-

ag-
gne-
tion.
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smaller spheres growing out of larger spheres, sugges
that the agglomerates formed during the carbonyl proces
some cases, the resulting irregularly shaped particles w
more than 10mm across. Since the magnetization proces
strongly dependent upon shape, particles smaller than 2mm
were selected for the magnetic measurements, effecti
eliminating most of the nonspherical agglomerates.

The magnetizationM of a soft~low magnetic anisotropy!
ferromagnetic sphere, provided the intrinsic susceptibility
large ~;10/4p or more in cgs units! can be expressed as11

M'
3

4p
H. ~1!

This result shows that forany spherical, soft~low anisot-
ropy! ferromagnet the magnetization always follows t
magnetization curve given by Eq.~1! up to saturation. This
saturation field,Hs , is simply related to saturation magne
zationMs by

Hs5
4p

3
Ms . ~2!

To show this magnetization curve a sample of powder w
first separated by filtration methods12 so that the nonspherica
agglomerates were largely removed. This filtered pow
consisted nearly entirely of spherical polycrystalline partic
with average diameters of 0.95mm and standard deviation o
0.45mm as determined by SEM. A single sphere of this s
at saturation has a magnetic moment on the order
10210 emu, well below the noise level of the VSM. For th
reason, the sample for measurement in the VSM was
pared by ultrasonically dispersing a small amount~;85 mg!
of this filtered powder in an UV-curing epoxy matrix. Th
resulting hardened mixture contained a volume fraction
the order of 1025 of fairly well dispersed spheres. Whe
completely dispersed at this low volume fraction, magne
interaction of the spheres with one another is minimized
magnetization measurements of the ensemble simply re
the sum of individual sphere magnetizations, thereby prov
ing a net magnetization large enough to be measured a
the noise level of the VSM. A magnetization curve of th
sample, corrected for the diamagnetic response of the ep
matrix, is shown in Fig. 3. The dashed line indicates
magnetization curve given by Eq.~1!.

From Fig. 3 we see that the individual particles are
curately characterized as soft ferromagnets. This is expe
since pure iron carbonyl is known13–15to be a soft ferromag-
net. The presence of nickel nanograins dispersed throug
the iron matrix should not magnetically harden the mate
since nickel is also magnetically soft. In addition, as long
the nickel grains are significantly smaller than the magn
domain wall width, the anisotropy of these grains is effe
tively averaged out.1 In such a case, the magnetization of t
powder reflects the volumetric average magnetization of
constituent materials.

Analysis by inductively coupled plasma atomic emissi
spectroscopy16 showed the actual composition to b
Ni30Fe70. A homogeneous alloy with this composition wou
have saturation magnetization of no more than about
emu/cm3,17 but a phase segregated mixture of bcc iron a
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fcc nickel should have a value of;1380 emu/cm3 based on
the volume fractions of the constituents.18 As can be seen in
Fig. 3, the measuredMs is within about 17% of this value
suggesting that the fcc phase seen in XRD is prima
nickel, rather than a nickel–iron alloy. This result, combin
with the low coercivity of the material, is consistent wit
nickel nanocrystals embedded in an iron matrix.

E. X-ray absorption spectra

To prepare a sample for EXAFS data collection, t
powder was ground in a mortar by a pestle, and then app
as thin layers to Kapton tape. The number of layers of ta
was chosen so that the total absorption was approxima
0.7 at the nickelK edge and 1.9 at the ironK edge. Nickel
and ironK-edge x-ray absorption spectra of the sample w
collected at beam line X11A at the National Synchrotr
Light Source at Brookhaven National Laboratories; unifo
mity was confirmed at the beam line by measuring the tra
mission as a function of the beam position. Simultaneou
spectra of iron and nickel foils were collected as referen
samples. Two scans were averaged to evaluate and re
random noise; the resulting spectra are shown in Fig. 4.

III. ANALYSIS AND DISCUSSION

A. Data reduction

Background subtraction following the prescription
Newville et al.19 was performed on all spectra, using a spli
to minimize non-EXAFS features below 0.09 nm in the Fo
rier transform. After background subtraction and normaliz
tion by the edge jump, the data were transformed to a fu
tion of photoelectron wave numberk. Since the EXAFS
amplitude generally falls off with an increase ink, the data
were multiplied byk2 ~Fig. 5! prior to taking the Fourier
transform~Fig. 6!.

FIG. 3. Magnetization of a diluted~volume fraction;1025) suspension of
size-filtered NiFe spheres in epoxy. The curve was corrected for the diam
netic component of the epoxy. The dashed line shows the idealized ma
tization of a soft ferromagnetic sphere that is dominated by demagnetiza
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The Fourier transform, although related to the radial d
tribution function about the absorbing element, is modifi
by several factors such as the potential of the absorbing
scattering atoms, the core–hole lifetime, and effects du
multiple scattering.5 The result is that, although major pea
can be identified as due to particular scattering shells, t
are typically shifted from 0.01 to 0.05 nm toward lowerr. In
addition, the Fourier transform itself can introduce spurio
sidebands due to the discontinuity between the first and
points in the selected data. This latter effect is convention
reduced~but not eliminated! by applying a window function
to the weightedk-space spectra prior to transforming, so th
the spectra fall smoothly to zero at the endpoints. In addit
the implementation of fast Fourier transforms on digi
computers often imposes a practical limitation in that
number of selected data points is a power of two; window
allows the selected data to be ‘‘padded’’ with zeros witho
significantly affecting the transform. In this study, a Hanni
window with sills 10 nm21 wide was used. For the purpose
of the technique described here, it is desirable to furt
minimize sidebands by choosing starting and ending po
for the selected data such that their values are already c
to zero before windowing; a range of 32.5–104.0 nm21 was
used for the nickel data.20

Comparison to the reference spectra confirmed tha
this material the nickel is in a fcc structure and the iron is
a bcc structure, in agreement with the TEM imaging, diffra
tion, and magnetic analyses.

FIG. 4. X-ray absorption spectra of iron~7112 eV! and nickel~8333 eV! K
edges of reference foils and the sample. The spectra were translated
cally for display purposes.

FIG. 5. EXAFS spectra~weighted byk2) of the sample and reference fo
for iron and nickelK edges.
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B. Size of nickel crystallites

Inspection of Fig. 6 reveals that, although the peaks
the Fourier transform for the sample and the reference ar
very similar positions, the amplitude is substantially smal
for the sample. Furthermore, the reduction is fractiona
greater at largerr eff . This can be explained on the basis
the termination effect: the average coordination numbe
reduced due to atoms near the boundary; the effect is n
rally greater for shells of scattering atoms that lie at grea
distances from the absorbing atom.

To model the effect, we considered the case of a hom
geneous spherical crystallite of radiusR ~Fig. 7!. For an atom
a distancer from the center of the crystallite, a scatterin
path of lengthr has its amplitude reduced, relative to that
a bulk standard, by a factor equal to the fraction of the s
face area of the scattering sphere~radiusr! that is contained
within the crystallite~radiusR!:

R22~r2r !2

4rr
. ~3!

Integrating through the crystallite sphere and dividing by
volume yields the reduction in average coordination num
relative to the bulk:

rti-

FIG. 6. Magnitude of Fourier transforms of the sample and reference
data for iron~top! and nickel~bottom! K edges. ‘‘Fit’’ applies the termina-
tion model to foil transform to approximate the sample transform. Note
substantial mismatches in the Fe fit at the major peaks near 0.2 and 0.4
these are probably due to the nonspherical morphology of the iron matr
The fit to the Ni spectrum is considerably better.

FIG. 7. Spherical homogeneous model.R is the radius of the crystallite,r is
the distance from the center of the crystallite to the absorbing atom, andr is
the distance from the absorbing atom to the scattering. By integrating
portion of the volume of the small sphere which is within the large sph
over all values ofr less thanR and normalizing by the volume of the larg
sphere, the magnitude of the termination effect can be approximated.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Nnano5F12
3

4 S r

RD1
1

16S r

RD 3GNbulk . ~4!

Since the amplitude of the peaks in the Fourier transform
a given distance is proportional to the coordination numb
this gives the reduction in peak amplitude. This formula w
used to determineR for the nickel edge by fitting the sampl
Fourier transform to the reference Fourier transform mo
fied by this formula.21 For the nickel edge, the result gave a
excellent fit ~see Fig. 6! when R was 0.88 nm, implying a
diameter of about 1.8 nm.22 Although this value is consider
ably smaller than that indicated by Scherrer analysis,
technique is more sensitive to small crystallites, wher
Scherrer analysis is more sensitive to large crystallites.
mentioned above, the TEM shows increasing numbers
crystallites of smaller size until the intensity/resolution lim
is reached~for these dark-field imaging conditions! at around
3 nm, and is thus consistent with the EXAFS result.

It should be emphasized that, like Scherrer analysis,
technique provides only a rough estimate of the crysta
size. It should not be regarded as equal in accuracy to h
resolution TEM or EXAFS determinations based on ato
by-atom models. It can, however, be applied easily to a w
range of samples and, unlike other EXAFS determination
requires neither a theoretical standard nor a multivariable
A bulk standard is necessary, but the atomic structure of
standard does not need to be known.23

C. Limitations of the model

Because this is an approximate technique, it is import
to consider its limitations.

~1! To the extent that the crystallites are not spherical,
~4! will be inaccurate. This is most pronounced f
shapes with high boundary to volume ratios, such
needles. If a particular nonspherical morphology is s
pected, it is straightforward to develop an equati
analogous to Eq.~4!.

~2! If the size distribution of the crystallites is broad, th
method will yield a result that is heavily weighted to
ward the low end of the distribution. For example, a
plying this technique to a bimodal distribution in whic
50% of the atoms were in particles 2 nm in diameter a
50% were in particles 15 nm in diameter would yield
‘‘mean’’ diameter of approximately 3.5 nm.

~3! r eff is not the actual distance from absorber to scatte
In this work, the peaks for the bulk spectra were exa
ined and compared to the known distances in the m
rials; an average offset of20.03 nm was found. To cor
rect for this 0.03 nm was added to eachr eff prior to
fitting in order to approximate the shift. The effect of th
correction on the value ofR determined by the fits wa
less than 0.03 nm.

~4! Multiple-scattering contributions are not properly a
counted for in this scheme, since it is assumed thatr eff is
‘‘similar to’’ the distance from the absorbing atom to th
scattering atom. In the case of a multiple-scattering p
that scatters off two nearest neighbors, for example,
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contribution occurs at ar eff as much as twice that of th
direct scattering path off a nearest neighbor.

~5! Sidebands and peak broadening due to specifics of
Fourier transform may distort the dependence of the re
tive amplitude onr eff . For this reason, it is preferable t
choose a range of data to Fourier transform that alre
goes nearly to zero at the endpoints, rather than rely
solely on windows. For the sample we examined,
effect was small but not negligible; it changed the det
mination ofR by less than 0.1 nm in all cases.

These effects, while important, are no more severe t
the limitations imposed on Scherrer analysis of x-ray diffra
tograms by phenomena such as instrumental broadening
strain. In addition, the most significant effects act togethe
reduce the crystallite size determined by this method, mak
it a fairly reliable lower limit for the mean crystallite size
Confidence in sizes obtained in this way is increased by a
performing Scherrer analysis, since for polydispers
samples the EXAFS and Scherrer sizes will generally brac
the sizes of the majority of crystallites.

D. Application to iron matrix

As an example of a sample where the limitations d
scribed above are more significant, we investigated the
spectrum of the same sample. In contrast to the nickel ph
a nanoscale spherical model is manifestly unsuitable for
morphology of the iron matrix, since the matrix consists
micron-scale crystals that contain multiple nanoscale def
of roughly spherical shape~the nickel crystallites!. Neverthe-
less, it is instructive to consider the effect of applying t
spherical model to this phase, since the morphology
nanoscale materials is not always known. Using ak range of
30.0–105.5 nm21,24 the fit yielded a value of 0.57 nm fo
R.25 As can be seen in Fig. 6, the quality of the fit is cons
erably worse than that for the nickel spectrum, as expec

Scherrer analysis of the iron phase yields a mean di
eter of 5.4 nm for the iron. Scherrer broadening suffers fr
the same morphological effects as EXAFS analysis, but
weighting is quite different. As discussed above, the me
diameter determined by XRD is weighted heavily toward t
larger distances in the distribution. Thus, for nonspheri
particles modeled as spherical ones, XRD will yield a d
tance close to the maximum diameter of the crystallites. E
AFS, on the other hand, is weighted more toward the sma
distances in the distribution. For nonspherical particles,
difference between the XRD and EXAFS determined ‘‘dia
eters’’ will therefore be exaggerated. In the case of the i
phase, Scherrer analysis indicates the iron crystallite di
eter is 84% that of nickel, whereas EXAFS indicates that
ratio is 65%.

The consistency of the size scales for the nickel crys
lites and the iron matrix can be confirmed by making
order-of-magnitude estimate of the distance between nic
crystallites, e.g., if they were monodispersed and evenly
tributed. For 1.8 nm diameter nickel crystallites distribut
on a close-packed lattice, the stoichiometry of the sam
would dictate that the centers of the nearest-neighbor nic
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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crystallites would be 2.4 nm apart. This would place t
surfacesof the crystallites 0.6 nm apart at their nearest po
in agreement with the distance scale assigned to the
matrix by EXAFS.

IV. CONCLUSIONS

In summary, it is possible to estimate the size of nan
rystals of known composition by comparing the amplitude
the EXAFS with that of a reference material. The mod
works best with phases from 1 to 10 nm nanometers in
ameter; for clusters of atoms less than 1 nm in diameter
spherical approximation and the need for a similar bulk cr
tal limit its usefulness, while for particles more than 10 n
in diameter the termination effect becomes quite sm
While the technique is not as accurate as high-resolu
TEM imaging for appropriate samples, it is possible to u
lize it in situations where TEM is prohibitively difficult, suc
as in situ time-resolved studies, when~as here! nanocrystal-
lites of similar contrast are buried within a thick matrix,
when a statistically large sample size is desired. In addit
the technique offers advantages over Scherrer analysi
XRD: it is element specific~allowing, for example, the dis
crimination of fcc cobalt crystallites in a fcc nickel matrix!
and it is weighted more toward the smaller end of the s
distribution than XRD, thereby enhancing its usefulness a
complement to TEM. It may also be used to improve EXA
analyses that utilize curve fitting to an empirical standard
providing an easily implemented first-order correction to
count for the termination effect.
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